The time correlations of pressure modes in stationary isotropic turbulence are investigated under the Kraichnan and Tennekes "random sweeping" hypothesis. A simple model is obtained which predicts a universal form for the time correlations. It implies that the decorrelation process of pressure fluctuations in time is mainly dominated by the sweeping velocity, and the pressure correlations have the same decorrelation time scales as the velocity correlations. These results are verified using direct numerical simulations of isotropic turbulence at two moderate Reynolds numbers; the mode correlations collapse to the universal form when the time separations are scaled by wavenumber times the sweeping velocity, and the ratios of the correlation coefficients of pressure modes to those of velocity modes are approximately unity for the entire range of time separation.
I. INTRODUCTION
In an incompressible flow, pressure fluctuations are related to velocity fluctuations through the Poisson equation Since velocity derivatives only appear as a source on the right-hand side of Eq. ͑1͒, the small scale pressure fluctuations are mainly determined by the small scale velocity fluctuations. However, in contrast to the −5 / 3 scaling law for the velocity energy spectra E u ͑k͒ in the inertial range, the inertial scaling law for the pressure spectra is controversial. 1 Kolmogorov's theory predicts that pressure spectra should scale as E p ͑k͒ ϳ k −7/3 ͑Refs. 2 and 3͒ in the inertial range. This result has been supported by the experiments 4, 5 but challenged by several direct numerical simulations ͑DNS͒ of isotropic turbulence. [6] [7] [8] The DNS results claim that the pressure spectra should have the same scaling as kinetic energy spectra, that is, E p ͑k͒ϳk −3/5 . The recent DNS with 1024 3 grid points by Gotoh and Fukayama 9,10 points out that the pressure spectra scale approximately with k −7/3 at lower wavenumbers, followed by a bump of nearly k −5/3 scaling at higher wavenumbers. In spite of disagreements on the slope of the spectra, all previous experiments and DNS support Kolmogorov's prediction on the universality of pressure spectra. Note that the pressure spectra mentioned above are the wavenumber spectra. A related problem is the frequency spectra, or more generally the two-time, two-point correlations of pressure fluctuations in physical space. In this paper, we will address the universal form of pressure time correlations.
The spatio-temporal statistics of hydrodynamic pressure fluctuations are relevant to flow-generated sound and flow-structure interaction. [11] [12] [13] Kraichnan and Tennekes propose the random sweeping hypothesis for isotropic turbulence, [14] [15] [16] which yields a universal form of velocity correlations at two times. This universality is demonstrated by He et al. 13 in decaying isotropic turbulence using DNS and LES. He and Wang further suggest an elliptic model of velocity correlations for turbulent shear flows, 17 and the model is verified in turbulent channel flows, 18 in the sense that the time correlations for several spatial separations collapse when the time separations are scaled using this elliptic model. Therefore, the time correlations for velocity have a universal form in isotropic turbulence as well as turbulent shear flows. Those results motivated us to explore the universal form of pressure correlations at two times.
The paper is organized as follows: In Sec. II, a random sweeping model is developed for pressure time correlations in isotropic turbulence. This model is verified using DNS of isotropic turbulence at two moderate Reynolds numbers in Sec. III. The conclusions are presented in Sec. IV.
II. A RANDOM SWEEPING MODEL FOR PRESSURE TIME CORRELATIONS
For brevity, we henceforth refer to the time correlation for a pressure mode simply as the pressure time correlation, and the one for a velocity mode as the velocity time correlation. The pressure time correlation is defined as
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The latter is also called as the correlation coefficient. Similarly, we will define the velocity time correlation and its correlation coefficient, respectively, as
The random sweeping hypothesis suggests that the decorrelation process of fluctuating velocities in time is dominated by the sweeping of small eddies by energy-containing eddies. The process can be described mathematically as follows: 15 Consider a Fourier mode u͑k , t͒ of fluctuating velocity convected by a large scale velocity field v, where v is a uniform Gaussian field and independent of the fluctuating velocity u͑k , t͒. Following the assumption in the random sweeping hypothesis that the viscous effect and nonlinear terms in u may be neglected in the Navier-Stokes equations, we obtain ‫ץ‬u͑k,t͒ ‫ץ‬t
The solution of Eq. ͑6͒ is u͑k,t͒ = u͑k,0͒exp͓− i͑k · v͒t͔. ͑7͒
Then, the velocity time correlation can be expressed as 13, 15 
where the sweeping characteristic velocity v = ͉v͉ is the rms of velocity fluctuations. This is the random sweeping model for velocity time correlations in isotropic turbulence. Now we solve the Poisson equation for the fluctuating pressure in Fourier space
Introduction of Eq. ͑7͒ into Eq. ͑9͒ at t + gives
Substitution of Eqs. ͑9͒ and ͑10͒ into the pressure time correlations ͑2͒ yields
where the first step invokes the independence of v from u, and the second one uses the assumption that v is uniform Gaussian. The latter leads to
However, the derivation does not invoke the quasinormal approximation, in contrast to earlier work in which pressure spectra are often deduced using the quasinormal assumption. The model given by Eq. ͑11͒ predicts a universal form for time correlations of pressure modes in isotropic turbulence. It suggests that the fluctuating pressure has the same decorrelation time scales "kv" as the fluctuating velocity. Therefore, the decorrelation process of fluctuating pressure is also dominated by the sweeping velocity.
III. COMPARISON WITH NUMERICAL RESULTS
We now use the data from DNS of isotropic turbulence to verify the random sweeping model for pressure time cor- 3 grid, respectively. The relevant parameters in the DNS are listed in Table I .
The time correlation C p ͑k , ͒ for each wave number k is computed as a function of time lag . The ensemble average is performed over the wave number shell k = ͉k͉ and the different start times t as defined in Eq. ͑2͒. In the present case, t is chosen from 0.0 to 2.0 eddy turnover times with an increment of 0.25. Figures 1 and 2 plot the normalized time correlations of pressure modes for wavenumbers k =10, 15, 20, 25, 30, 35, 40 . All curves show a decrease in correlation, as separation increases, with vanishing slopes at zero separation. The time separation in Fig. 2 is scaled using the scale-dependent similarity variable vk, while the time separation in Fig. 1 is not scaled. It is observed from Fig. 2 that with the vk scaling all points collapse onto a single curve. The result is in agreement with the prediction of the random sweeping hypothesis on pressure time correlations. Therefore, the random sweeping model given by Eq. ͑11͒ for pressures indeed predicts a universal form of the time correlations of pressure modes.
To investigate the model's prediction of the decorrelation time scales, we examine the ratio of the correlation coefficient for the kth pressure mode to that for the velocity modes
Based on the models given by Eqs. ͑8͒ and ͑11͒, the ratio should be unity for each wavenumber. Figure 3 plots the ratios for wavenumbers k = 10, 15, . . . , 40. It is observed that the ratios for all wavenumbers are almost unity, although some very small deviations are observed at large time separations. These deviations are shown to decrease with increasing statistical sample size and thus do not affect the interpretation of our results. Therefore, the DNS result confirms the 
IV. CONCLUSIONS
In summary, a simple model for the time correlations of pressure in Fourier space is developed for isotropic turbulence. The model is based on the Kraichnan and Tennekes "random sweeping" hypothesis. It predicts that, as with velocity correlations, the random sweeping effect dominates the decorrelation of pressure fluctuations, and that the decorrelation time scales for pressure fluctuations are the same as the ones for velocity fluctuations. These results are verified using DNS of stationary isotropic turbulence at two moderate Reynolds numbers. The model exhibits a universal form in the sense that the correlation coefficients collapse when plotted against time separations normalized by the sweeping time scale. An interesting question to be asked is whether pressure correlations share the same decorrelation time scales with velocity correlations in turbulent shear flows, where random sweeping is not the dominant effect. 
